Giant Flexoelectricity in Bent Silicon Thinfilms by Zhang, Dong-Bo & Chang, Kai
ar
X
iv
:2
00
8.
11
45
2v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 26
 A
ug
 20
20
Giant Flexoelectricity in Bent Silicon Thinfilms
Dong-Bo Zhang1,4∗ and Kai Chang2,3,5†
1College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, P.R. China
2SKLSM, Institute of Semiconductors, Chinese Academy of Sciences, P.O. Box 912, Beijing 100083, China
3CAS Center for Excellence in Topological Quantum Computation,
University of Chinese Academy of Sciences, Beijing 100190, China
4Beijing Computational Science Research Center, Beijing 100193, P.R. China and
5Beijing Academy of Quantum Information Sciences, Beijing 100193, China
We reveal that strong flexoelectric effect of solids can be induced due to the significant charge
migration along the strain gradient direction, which represents a new understanding of the origin
of flexoelectricity. Beyond the linear response theory, we illustrate such charge migration that is
driven by an electric field effect in bent silicon thinfilms. Due to such charge migration, the variation
of atomic charge no longer represents a linear response to strain gradient and the resulting giant
flexoelectric coefficients being size dependent cannot be treated as a bulk property. The obtained
flexoelectric coefficients compare well with the typical experimental values as reported in various
ceramics. Our results shed light on elucidating the discrepancy between theory and experiment,
and pave a new way to discover excellent flexoelectric performance in conventional materials.
Recent experimental and theoretical investigations
have substantially advanced our knowledge of flexoelec-
tricity, a phenomenon that depicts the coupling between
the electric polarization and the strain gradient in di-
electrics [1, 2]. Being a universal effect of any structure
without symmetry limitation [3], flexoelectric effects have
been identified in various systems such as ceramics [4–7],
hybrid-semiconductors [1, 8], elemental crystals [9, 10],
and even soft materials [11, 12]. However, our under-
standing of flexoelectricity is not complete yet. For ex-
ample, for the flexoelectric coefficient, the significant dis-
crepancy between calculations and experiments still re-
mains elusive [3, 13–15]. Flexoelectricity is important
for both fundamental research and developing applica-
tions. It not only can be a substitute for piezoelectricity
in many occasions [3, 16–19], but also may enable prac-
tical applications [9, 20] where piezoelectricity does not
approach.
Microscopically, flexoelectricity contains both elec-
tronic and lattice-mediated [14] effects, which have been
delineated with the linear response theory [21–23]. The
essence of this theory is to establish the response function
of charge density [23] and atomic displacement [24, 25]
with respect to strain gradient. However, although the
experiments have revealed high flexoelectric coefficients
in several bulk solids to be at the level of 10−6C/m or
even higher, the prediction based on the linear response
theory is orders of magnitude lower than the experimen-
tal data [4, 5, 7, 26]. Such striking underestimation brings
a natural question: Can certain mechanism of flexoelec-
tricity exist out of the regime of the linear response the-
ory? Theoretically, atomistic simulations are the method
of choice to address this issue. Unfortunately, efforts in
this aspect are still missing, partially due to the diffi-
culty of simulating flexoelectric systems subject to real-
istic inhomogeneous deformations such as bending with
standard methods [27, 28].
Here, based on the generalized Bloch theorem [29–31],
we reveal strong flexoelectric effects in crystalline sili-
con through a new mechanism where electronic charges
migrate along the strain gradient. In this way, electric
polarizations form also in the strain gradient direction,
giving rise to unexpectedly high flexoelectric coefficients.
We use (100) silicon films with various thickness [32, 33]
to demonstrate this idea. Our quantum mechanical sim-
ulations of the bent silicon films illustrate the charge
migration from the compressive side to the tensile side,
which is driven by a strain-induced electric field. The
explanation is derived by analyzing the response of the
electronic states to mechanical bending. What is inter-
esting is that because that the variation of the atomic
charge is dominated by the local strain, it does not rep-
resent a linear response to strain gradient.
With this, the dipole moment and the flexoelectric
coefficient are next calculated. Surprisingly, the flexo-
electric coefficient displays a square scaling with the film
thickness and approaches the level of 10−6C/m at 75 nm
thickness, being comparable with the typical experimen-
tal values as reported in various ceramics [4, 5, 7, 26].
Its size dependent behavior also hints that although the
flexoelectric effect mainly origins from the bulk contribu-
tion, the flexoelectric coefficient can not be treated as a
bulk property of material.
A stress-free (100) silicon film can be depicted by
a square lattice with a translation periodicity of T0,
where the unit cell contains a relatively small number
of atoms, N . The precise value of T0 can be deter-
mined by first-principles and density-functional tight-
binding (DFTB) [34, 35] calculations. For example, a
(100) silicon film with a 10 nm thickness, DFTB calcula-
tion gives T0 = 5.43 A˚. However, a bending deformation
breaks the translational symmetry along the principal
curvature. This makes first-principles and other QM cal-
culations formulated with periodic boundary conditions
2FIG. 1: (a) A bent (100) silicon film with (100) symmetry
planes at the surfaces (left) and the primitive repeating cell
(right). T is the translation vector that is invariant against
bending. h denotes the film thickness and −h/2 < x < h/2
along the thickness dimension measures the distance from the
neutral surface of the bent film. The bending angle corre-
sponding the repeating cell is θ. (b) Distribution of neat
charge per atom △Q along the film thickness dimension, x,
of the 10 nm thick bent film at different bending angles θ.
(c) △Q versus the local strain ε of the 10 nm thick bent film.
Note that θ = 0.0◦ corresponds to the stress-free film.
intractable. Instead, we employ the generalized Bloch
scheme [29–31] implemented into the DFTB method. In
this scheme, the bent film is described with basic repe-
tition rules of translation T and rotation of angle θ per-
formed in the curvilinear coordinate, Fig. 1(a),
Xξ,λ,n = ξT+R
λ(θ)Xn, (1)
where, Xn represents atoms inside the primitive repeat-
ing cell andXξ,λ,n represents the atoms inside the replica
of the repeating cell indexed by (ξ, λ). The repeating cell
contains the same N atoms in the unit cell of the undis-
torted film. For example, for the (100) silicon film with
10 nm thickness, N = 162. Index n runs over the N
atoms inside the cell. The relatively small N allows for
systematic QM simulations of the bent structure. We
have carried out DFTB calculations on a series of bent
(100) silicon films with thickness (h): 10 < h < 200 nm.
The exposed surfaces of the films are hydrogenated. The
atomic structures are optimized via a conjugate gradient
energy minimization to the repeating cell. More compu-
tational details are provided in the Supplemental mate-
rial.
We first calculate the variation of the atomic charge in
the bent film,
△Q = Qbent(x) −Qstress-free(x), (2)
where, Qbent refers the electronic charge of the atom lo-
cated at position x of the bent film and Qstress-free is
the same but for the stress-free film. Note that the nu-
clear charges of individual atoms that remain constant
against bending are not considered. The atomic elec-
tronic charge, Q, is obtained via a Mulliken charge anal-
ysis (see the Supplemental material for details). Fig. 1(b)
displays the obtained △Q of the 10 nm thick silicon film.
At each bending angle θ, △Q varies almost linearly along
the thickness dimension, x, except those atoms belonging
to the film surface. What is important is that on the ten-
sile side of the bent film (x < 0), △Q > 0 indicates that
atoms in this region gain electronic charges. On the con-
trary, on the compressive side (x > 0), △Q < 0 indicates
that atoms in this region lose electronic charges. Because
the film as a whole is charge neutral, this result reveals a
charge transfer from the compressive side to tensile side
of the bent film.
We also indicate that the amount of △Q is related
to the local strain (ε). In a bent film, the inhomoge-
neous strain field is simply ε(x) = x/τ = (θ/T0)x, with
1/τ = θ/T0 being the curvature of the neutral surface,
Fig. 1(a). With this relation, we find that data obtained
under different bending angles, θ, collapses when plotting
△Q versus ε, Fig. 1(c). Such scaling collapse hints that
the △Q response is solely dominated by the local strain
in the bent film and allows us to approximate that,
△Q ≃ χε(x) = χgx, (3)
ignoring the atoms on the surface. Here, χ denotes the
slope and g = ∂ε/∂x = θ/T0 is the strain gradient along
the film thickness dimension. This revelation is contrary
to the prediction of the linear response theory where the
charge variation induced by strain gradient distributes
homogeneously throughout the deformed solids [22, 23].
Further, the distribution of △Q, Fig. 1(b), also hints
that the charge accumulation on the film surfaces due to
bending is not significant.
Insight into the charge transfer in the bent film can
be obtained by analyzing the impact of bending on
the electronic structure. First of all, we focus on the
variation of the spatial distribution of electronic states.
Fig. 2(a) displays the band structure of occupied states
with wavenumber k in [001] direction for the stress-free
(100) silicon film (θ = 0.0◦), and accordingly, the band
structures with k at l = 0 for the bent film under dif-
ferent bending angles, θ. Note that in the generalized
Bloch theorem, electronic states are indexed by both the
continuous wavenumber k, and the discrete rotational
quantum number, l (see the Supplemental material for
more details). Using the state marked by the open circle
in Fig. 2(a) as an example, Fig. 2(b) displays the dis-
tribution of its wave function along the film thickness
dimension for both the stress-free film and the bent film.
We note that electronic states around the open circle are
non-degenerate. Thus, for a given state in the stress-free
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FIG. 2: (a) Comparison of electronic band structures of occu-
pied states of stress-free film (θ = 0.0◦) and bent (100) silicon
films (θ = 0.3◦, 0.6◦, 0.9◦). The Fermi energy is set at zero.
(b) Wave function spatial distributions (|Ψ|2) along the film
thickness dimension, x, for the electronic states whose loca-
tions in the energy spectrum are indicated by open circles in
(a) at k = 0.
film, it is possible to identify the corresponding state in
the bent film by simply referring its order in the energy
spectrum. For the stress-free film, the wave function es-
sentially adopts a uniform distribution. However, under
bending, the amplitude of the wave function increases on
the tensile side while decreases on the compressive side.
This result hints a charge immigration from the compres-
sive side to the tensile side of the bent film, revealing a
pronounced built-in electric field effect [36]. The trend
is more pronounced for the larger bending angles. More
analysis on the state evolution with respect to bending
is shown in the Supplemental material.
Bending also has strong influence on the electronic en-
ergy spectrum, Fig. 2(a). To a great extent, this can be
well understood by examining the electronic response of
the stress-free film to normal strains. Considering ten-
sion and compression applied along the film thickness
dimension, Fig. 3(a) displays the band structures of the
strained 10 nm thick silicon film. Note that to illustrate
the shift of the energy levels due to strain, the stationary
vacuum energy level [37–39] is chosen as a reference for
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FIG. 3: (a) Comparison of electronic band structures of oc-
cupied states of the (100) silicon film under different normal
strains. (b) Eave of the (100) silicon film under different nor-
mal strains.
the energy levels of the film electronic states under differ-
ent strains. We find that only the compressed film adopts
a significant increase in bandwidth. This indicates that
the enlarged bandwidth of the bent film is essentially due
to the compressional strain. Further, it is instructive to
study the evolution of the averaged electronic energy of
the film under normal strain,
Eave(k) =
∑
ν
Eν(k), (4)
where, Eν denotes the energy level of state ν with
wavenumber k of the film. The summation runs over
all the occupied states. Fig. 3(b) shows that Eave adopts
a downward (upward) shift for the film under compres-
sion (tension) for wavenumbers k throughout the whole
Brillouin zone. With this statistical result, we can infer
that in the bent film, the electronic states on the tensile
side will also adopt an upward shift in energy and those
states on the compressive side do the reverse. This also
represents a sign of the electric field effect.
We now estimate the bending-induced polarization
P, the core physical quantity to probe flexoelectricity.
Classically, P can be obtained directly with the atomic
charge. We set the coordinate origin at x = 0. By sym-
metry, it is obvious that P ≃ 0 for the stress-free film.
In this way, the net polarization along the film thickness
dimension for the bent film can be obtained using Eq. (2)
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FIG. 4: (a) Flexoelectric polarization versus strain gradient
of the bent 10 nm thick film. (b) Flexoelectric coefficient as
a function of film thickness
as,
P =
1
Ω
∫ h/2
−h/2
△Q(x)xdx =
χh2
12T 2
0
g, (5)
where, Ω = T 20 h denotes the volume of the repeating
cell. Because for a given film, T0, h, and even χ are all
constant, P is proportional to the strain gradient g. As
such, the flexoelectric coefficient
µ = P/g = χh2/12T 20 , (6)
displays a square dependence on the film thickness, h.
However, calculating P directly from the atomic
charge, Eq. (5) completely ignores the signature of the
spatial distribution of electronic charge density. Instead,
we employ a more rigorous approach where the electronic
charge density (ρ) is explicitly accounted for [40–42],
P =
1
Ω
∫
Ω
ρ(r)rdr. (7)
For a bent film, ρ is provided by the generalized Bloch
theorem (see the Supplemental material for details). In
general, the integral should be over the whole space.
However, because the charge transfer is along the film
thickness dimension x, the induced P is essentially along
x as well. In this way, considering the rotational symme-
try of the bent film, Eq. (1), the integral can be conducted
merely over the repeating cell as shown in Fig. 1(a). It
is worth to note that the surface effect [43–45] is not
important here, see the Supplemental material for more
analysis. The origin of r is also set at x = 0.
In practice, the integral in Eq. (7) is evaluated nu-
merically. We have calculated P of the bent 10 nm
thick silicon film at different bending angles. Results
shown in Fig. 4(a) reveals that P follows a simple lin-
ear dependence on strain gradient g. As such, the flex-
oelectric coefficient can be identified directly from the
slope, i.e., µ = P/g. For the 10 nm thick silicon film,
µ = 1.9 × 10−8 C/m. We have also carried out calcu-
lations of a series of (100) silicon films with thickness
h = 50, 100, 150, and 200 nm. For these films, P main-
tains the linear dependence on g, Fig. S3 of the Supple-
mental material. The µ values obtained using Eq. (6),
ranging from 0.5 × 10−6 to 7.8 × 10−6 C/m, exhibit a
quadratic dependence on h as guided by fitting the atom-
istic data as µ = C0(h/nm)
2 with C0 = 1.9×10
−10 C/m,
Fig. 4(b). This relation corroborates our finding with
Eq. (6), and allows us to figure out that µ is already at
the level of 10−6 C/m when h ≥ 75 nm. Note that this µ
is comparable with the experimental values of µ as found
in various ferroelectric ceramics [5, 7, 26, 46, 47].
The ultrahigh values of µ illustrate the importance of
the new mechanism, and the above results reveal sev-
eral important aspects that distinguish the new mecha-
nism from the linear response theory. (i) The variation of
atomic charge △Q is dominated by the level of the local
strain of the bent film and thus distributes inhomoge-
neously along the strain gradient direction. In this way,
the induced charge (△Q) can not be treated as a well-
defined linear response to strain gradient. Consequently,
the obtained flexoelectric coefficients are size dependent,
no longer a bulk property of material. (ii)According to
the linear response theory, silicon is a system with weak
flexoelectricity [10, 15]. However, the flexoelectric coeffi-
cient obtained here is exceptionally high, hinting that sil-
icon may be an excellent candidate for flexoelectric appli-
cations. More fundamentally, this result also sheds light
on understanding the long-standing discrepancy between
theory and experiment [3, 13, 14]. (iii) As showcased
with silicon, exploring the new mechanism relies on the
capability to simulate realistically inhomogeneous defor-
mation of solids, which is beyond the reach of atomistic
approaches including first-principles calculations. This
feature herein highlights the importance of the employed
generalized Bloch scheme [29–31].
In summary, using the generalized Bloch theorem cou-
pled with DFTB method and taking silicon films as an
example, we reveal a new mechanism that can lead to
strong flexoelectric effects in solids. With thorough elec-
tronic structure analysis of the bent silicon film, this new
mechanism is attributed to a bending-induced electric
field effect. This new mechanism cannot be interpreted
by the linear response theory where a well-defined lin-
ear response of electrons to the strain gradient is needed.
Indeed, for silicon, the obtained flexoelectric coefficients
are much larger than what is predicted by the linear re-
sponse theory, but comparable with the typical experi-
mental values as reported in ceramics. This suggests that
silicon may be an excellent flexoelectric system, contrary
to the conventional wisdom. As such, the new mecha-
nism presents dual importance for the current flexoelec-
tric studies. First, it may be critical to deepening our
understanding on the flexoelectricity in solids. Second,
due to it, a class of materials with excellent flexoelectric
performance are likely to be discovered in conventional
semiconductors, e.g., Ge, GaAs, etc.
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